Ten recent clinical isolates of Salmonella serotype Typhimurium from man that were tested for their invasiveness in rabbit ileal explants in vitro, were compared with Typhimurium strain TML, a well-characterised invasive strain isolated from a case of human gastro-enteritis. Nine of the 10 strains showed invasiveness that was comparable to that of strain TML. One isolate (GM3) was apparently substantially less invasive; electron microscopy showed this strain to be histotoxic -the probable reason for its reduced recovery from ileal mucosa and thus apparent 'low' invasiveness. Salmonella serotype Choleraesuis strain A50, isolated from a case of systemic salmonellosis in pigs, and serotype Dublin strain 3246, isolated from a case of systemic salmonellosis in calves, were also examined. Dublin strain 3246, when grown at 37°C and used immediately in the invasion assay, damaged the mucosa in a manner similar to that of Typhimurium strain GM3, whereas Dublin strain 3246 grown at 37°C and stored overnight at 4°C did not. This was reflected in an apparently lower invasiveness of freshly grown organisms compared with that of organisms stored at 4OC. In contrast, the histotoxicity of Typhimurium strain GM3 was not affected by storage at 4°C. When stored at 4"C, the levels of invasiveness of Choleraesuis strain A50 and Dublin strain 3246 were not significantly different from each other or from Typhimurium strain TML.
Introduction
As virulence in Salmonella is multifactorial, hostdependent and, in naturally occurring settings, often host-restricted, the choice of organism-host combination for experimental study and the precise definition of the question(s) to be addressed are of crucial importance. Therefore, it follows that generalised extrapolation from findings in studies involving one strain of one serotype of Salmonella and one host -be that whole animal, organ culture or cells in culturemust be made with great caution. Too few studies of any one narrowly defined aspect of the complex Salmonella-host interaction have been performed with a range of non-manipulated wild-type strains of a given serotype. This report presents an extension of previous work on the invasiveness of Salmonella serotype Typhimurium strains of human origin for rabbit intestinal tissue. The rabbit is regarded as a good laboratory animal model for experimental studies of human gastro-enteritis [l] . A further aim was to examine the invasive characteristics of serotypes Choleraesuis and Dublin in this in-vitro system as part of a larger study designed to elucidate the basis of the, as yet poorly understood, phenomenon of host restriction exhibited by certain serotypes of Salmonella under natural conditions. The particular association of some serotypes of Salmonella with specific hosts might be determined by either a predilection of the organism for certain hosts or resistance of insusceptible hosts to certain serotypes.
This laboratory has developed an organ-culture technique in which explants of rabbit terminal ileum have been used to study the invasiveness of Salmonella serotype Typhimurium [2,3] and Enterobacter cloacae [4] for gut enterocytes in situ. There are two reasons why the system allows primary invasion of enterocytes by bacteria to be studied. First, the structure of rabbit small intestine is such that Peyer's patches occur as small discrete patches which are easily avoided in the selective explantation of absorptive epithelia. Second, as experiments are usually restricted to 1-2 h (3 h maximum), only the initial events, i.e., interaction between the pathogen and enterocytes in situ and generally with only limited subepithelial invasion, are observed. Seven Typhimurium strains of defined virulence were assessed originally in the intestinal invasion assay: three virulent strains (TML, W118 and Wake from human clinical cases) that caused fluid secretion in rabbit ileal loops [2] proved invasive; and four strains (LT7, SL1027, M206 and Thax-1), avirulent in terms of their failure to cause disease in monkeys or fluid secretion in rabbit loops [2] , proved to be non-invasive. These studies have now been extended to include another 10 contemporary Typhimurium strains of human clinical origin. The first objective of the work was to determine if the correlation between the ability to invade gut epithelia and virulence, as suggested in a previous study [2] , was true for a larger number of Typhimurium strains. Such a result would have considerable significance in developing an accurate concept of the pathophysiological basis of disease caused by Typhimurium.
Second, Salmonella serotype Choleraesuis strain A50 and serotype Dublin strain 3246 were also selected for study because of their abilities to cause experimentally induced systemic salmonellosis in pigs and calves, respectively (unpublished data). If host restriction is determined by the efficiency with which primary invasion of 'homologous' intestinal mucosae takes place, then it may be argued that Choleraesuis and Dublin strains would not show the same degree of invasiveness for rabbit ileal enterocytes as the nonrestricted sero type Typ himur ium .
Materials and methods

Bacterial strains
Ten Typhimurium strains (designated GM 1 -lo), randomly selected from recent clinical cases, were obtained from Dr B. Rowe (Laboratory of Enteric Pathogens, Central Public Health Laboratory, 6 1 Colindale Avenue, London). They were transported and kept on Dorset's egg medium slopes at room temperature. Also, Typhimurium strains TML and LT7 [l] were used. Salmonella serotype Choleraesuis var. kunzendorf strain A50 was isolated from a systemic case of salmonellosis in pigs in the UK and serotype Dublin strain 3246 from a systemic case of salmonellosis in calves in the UK (T. S. Wallis, unpublished data).
Storage and culture conditions
Strains were streaked on to plates of MacConkey agar (Becton Dickinson, Microbiology Systems, Oxford) from original stocks. Three colonies were used to inoculate Mueller-Hinton broth (1 ml) which was incubated for 3 h at 37°C. After incubation, an equal volume of sterile glycerol was added to each culture. For long-term storage, strains were held at -70°C and for short-term storage at -20°C. Stocks stored at -20°C were used for up to a maximum of five times.
Media
BBL MacConkey agar without crystal violet or salt (Becton Dickinson), Hartley Digest Broth (HDB; Oxoid) and Mueller-Hinton Broth (Oxoid) were prepared according to the manufacturers' instructions. Media were sterilised by autoclaving (1 5 psi, 12 1 "C, for 15 min).
Animals
Intestinal tissue was obtained from New Zealand White rabbits weighing 2.5-3.0 kg (Froxfield, Hampshire). They were observed for any manifestations of gastrointestinal disturbance and only symptom-free animals were used.
Apparatus for organ culture
A 12-chamber version of that described previously [2] was used. Pieces of intestinal tissue were stripped of serosal and muscular layers and mounted in the apparatus such that, when clamped together, the mucosae faced one side of the chamber and serosae the other. In this asymmetrical system only the mucosal side of the explant was exposed to bacteria. Media within chambers were gassed continually with a mixture of 0 2 95% and C02 5%.
Media and solutions for organ culture
Serosal solution (WHO rehydration formulation) contained 60 mM NaCl, 30 mM NaHC03, 20 mM KCl, and 111 mM glucose. Solution C was serosal solution except that 6 0 m~ NaCl was replaced by 6 0 m~ choline chloride, and 30mM NaHC03 by 3 0 m~ choline bicarbonate (choline compounds were obtained from Sigma). Tissue culture medium (TCM) was Minimal Essential Medium (LIFE, Paisley) containing Earle's salts but without glutamine; glutamine was added at a final concentration of 2.0 mM and Fetal Calf Serum (Northumbria Biologicals, Cramlington) to a final concentration of 10% v/v. Mucosal solution was solution C with TCM at 10% v/v.
Rabbit ileal invasion assays (MIAs)
Bacteria were grown without shaking at 37°C overnight in HDB. The culture was centrifuged (4500 g, 10 min at room temperature) and the pellet was resuspended in fresh HDB (10 ml). One ml of this suspension was used to inoculate HDB (90 ml) which was incubated statically at 37°C for a further 3 h to exponential phase. Bacteria were harvested by centrifugation and resus-pended in mucosal solution (c. lo8 cfb/ml). It should be noted that for some experiments, designed principally for electron microscopy, lo9 ch/ml was used as inoculum, because location of bacteria associated with mucosa was difficult with smaller inocula. Bacterial suspensions were either used immediately or stored overnight on ice held at 4°C. The mucosal surface of rabbit ileal tissue (50mm2 in each chamber) was challenged with bacterial suspension (3 ml). Serosal surfaces were bathed in serosal solution (3 ml). The organ culture apparatus was then incubated for 2 h at 37°C. Culture medium was removed from each 'mucosal' chamber and residual extracellular bacteria were killed by addition of fresh medium containing gentamicin 100 pg/ml for 1 h at 37°C. Tissue was removed from the organ-culture apparatus, washed in isotonic saline and a piece of mucosa (12-mm diameter) from each chamber was cut out with a cork borer. Tissue was homogenised on ice in Triton X-100 1% v/v in phosphate-buffered saline (3 ml) in a Sorvall Omnimixer (Sorvall, Newtown, CT, USA) at maximum speed for 30 s to release intracellular bacteria. Invasiveness was expressed as the percentage of the initial inoculum recovered from the tissue. Because of between-animal variations, data were normalised to the invasiveness of Typhimurium strain TML to allow inter-experimental comparisons, as described previously [2, 3] .
Scanning electron microscopy
Gut was challenged with various strains as described for RIIAs. The normal procedure was carried out, except that tissues were not homogenised for quantitative analysis, but were taken for electron microscopy. Gut tissue was fixed in glutaraldehyde 2.5% v/v in phosphate buffer (PH 7.2) for 24 h. Tissues were then dehydrated serially through a series of aqueous solutions of increasing acetone concentrations -50%, 70%, 90%, 95%, 100% -and 100% acetone (dried over CUSO~), with two 15-min washes for each acetone concentration. Tissue was dried in a critical point drier with liquid C02 (Polaron E3000 series 11). Pieces of tissue were mounted on copper stubs with Araldite Rapid (Ciba-Geigy) and sputter-coated with platinum in a low-voltage sputter coater (EMSCOPE SC500) operated at 100-150 V with 10-20 mA current.
Transmission electron microscopy
Tissues were taken as described for scanning electron microscopy and fixed in glutaraldehyde 2.5% v/v for 1 h, then post-fixed in Os04 1% for 1 h; glutaraldehyde and Os04 solutions were prepared in phosphate buffer (pH 7.2) containing 350 mM sucrose. Tissues were then dehydrated serially through a series of aqueous solutions of increasing ethanol concentrations -70%, go%, 100% and 100% ethanol (dried over CuSO4) -treated with propylene oxide and embedded in EponAraldite [l] . Sections (c. 2.5 pm thick) were stained with toluidine blue 1% and observed by light microscopy. Ultra-thin sections (c. 90-nm thick) were cut, mounted on Formvar-coated copper grids and stained with methanolic uranyl acetate and Reynold's lead citrate and examined in a JEOL lOOCX I1 electron microscope at an accelerating voltage of 60 kY
Results
Preliminary experiments
In applying the general principles of RIIA to the study of invasiveness of any new organism, it is important to establish the viability of the organism in mucosal solution and its sensitivity to gentamicin. Viabilities of Choleraesuis strain A50, Dublin strain 3246 and 10 Typhimurium strains in mucosal solution were similar and did not decline over 3 h. All strains were sensitive to gentamicin.
Assessment of invasiveness
Inoculum sizes were always adjusted to give similar numbers of bacteria, because factors such as bacteriaenterocyte saturation, or cell damage resulting in loss of bacteria-laden cells, could contribute to a non-linear relationship between inoculum size and the number of viable bacteria recovered. The invasiveness of strains assayed in quantitative RIIA (or in cell monolayers) is determined by the ratio -viable gentamicin-resistant bacteria recovered from homogenised ileal mucosa: initial inoculum. This practice is commonly used because accurate prediction of viable count of inoculum cannot be made before the experiment. The validity of this measurement depends on the linearity of the dose-response relationship between the challenge inoculum and the numbers of bacteria recovered in tissue homogenates. Dose-response experiments were performed with Typhimurium strain TML, Choleraesuis strain A50 and Dublin strain 3246 with individual rabbits used for each serotype. Inocula were prepared to cover the normal range used in these experiments. All three strains exhibited a linear (Typhimurium strain TML, Choleraesuis strain A50) or near linear (Dublin strain 3246) relationship between inoculum size and viable bacteria recovered (Fig. 1) . Therefore, it was concluded that invasion data could be plotted as the ratio -'numbers of viable bacteria recovered: initial inoculum' expressed as a percentage. The deviation of invasiveness of Dublin strain 3246 from linearity above inocula of c. 5 X lo8 was interpreted to reflect the tissue-damaging effect of that strain.
RIIAs with Typhimurium strains
Typhimurium strains GM 1 -10 were tested in RIIAs and Typhimurium strains TML and LT7 were used as positive and negative controls, respectively. Each strain was tested fist in ileal mucosa from two rabbits; the bacterial recovery data indicated a spectrum of invasiveness with a near normal distribution of invasiveness of these strains about the value for strain TML (Fig. 2) . It is obvious that more experiments would be required to assign with statistical precision the relative invasiveness of each strain, particularly those represented by strains GM1, GM2 and GM7; however, this was not logistically possible. Strain GM3, which exhibited the lowest, and strain GM7, which (with strain GM1) exhibited the highest degrees of invasiveness were subsequently re-tested with ileal mucosa from a further four and two rabbits, respectively; these data are combined (Fig. 2) .
As one of the objectives of this work was to establish a broader base upon which to rest the assertion that intestinal invasiveness is a prerequisite for Typhimurium enteropathogenicity, strain GM3, the least invasive of the Typhimurium strains, was examined further. Preparations of strain GM3 from a glycerol stock, and 
Fig. 2.
Recovery of Typhimurium strains GM1-10 from RIIAs, with organisms grown at 37°C and stored at 4"C, or grown and used fresh at 37°C. For organisms grown at 37°C and stored at 4°C (B) a minimum of two experiments was performed with each strain; however, for strains GM3 and GM7, six and four experiments were performed respectively. Data are normalised to that for strain TML used as positive control with tissue from the same rabbit as that used for the test strain. Each column represents the mean and SEM of each set of experiments in which the invasiveness of different strains was compared to that of strain TML. For strains GM3, GM6 and GM7, one experiment was performed with each strain grown at 37°C (GM3/37, GM6/37 and GM7/37 (H)) and used fresh without previous storage at 4°C and the results were compared to those for strain TML similarly treated. directly from Dorset's egg storage slopes were compared. The invasiveness of the two preparations was not different. Furthermore, the invasiveness of strain GM3 in four separate inocula, each derived from randomly selected single colonies, was not different from that of inocula prepared from colony sweeps or from each other (data not shown).
----
The effect of temperature on the three Typhimurium strains -GM3, GM6 and GM7 -in MIAs was assessed. In one experiment, the invasiveness of strain GM3 (low), strain GM6 (intermediate) and GM7 (high invasiveness) was assessed with freshly prepared suspensions; no major temperature-mediated differences in the levels or patterns of invasiveness for these strains were observed (Fig. 2) .
RIIAs with salmonellae of host-restricted serotypes
After storage at 4"C, the invasiveness for rabbit ileum of Choleraesuis strain A50 and of Dublin strain 3246 was similar to each other and to that of Typhimurium strain TML (Fig. 3a) . In experiments 1, 3 and 4 there was considerable chamber variation for Dublin strain 3246 stored at 4°C; this observation was explained in terms of irregular cell shedding damage seen in some villi (Fig. 4e) . However, the degree of damage was as nothing compared with the extensive damage caused by strain 3246 grown at 37°C and used fresh (Fig. 4d) , as reflected in the very low numbers of organisms recovered (Fig. 3b) . In contrast, the invasiveness of Typhimurium strain TML and Choleraesuis strain A50 were not affected by temperature (Fig. 3b) . 
Electron microscopy
Electron microscopy of ileal mucosae, after interaction with Dublin strain 3246, Choleraesuis strain A50 and Typhimurium strains GM3 and GM7, showed clear evidence that freshly grown Dublin strain 3246 caused considerable damage to the tissue (Fig. 4b, c, d, k, 1) . In contrast, much less gross damage was seen in mucosa challenged with Dublin strain 3246 when it was used after storage at 4°C (Fig. 4e, h, j) .
After exposure to fresh suspensions of Dublin strain 3246 for 1 h, enterocytes were seen to separate from each other and were shed from the surface of villi, especially in areas where the presence of bacteria was demonstrated with difficulty ( Fig. 4b) . Extruded enterocytes were deformed, had lost their brush border and had become balloon-like (Fig. 4c) . After exposure to Dublin strain 3246 for 3 h, epithelia were disintegrated ( Fig. 41 ) and villi became overlaid with 'collapsed' enterocytes after they had been shed (Fig.  4d) . A similar picture was observed with Typhimurium strain GM3 when it was used fresh or after storage at 4°C. As strain GM3 is the subject of a detailed study [3] , only the initial tight junction-cleaving effect is shown here (Fig. 4m) ; it is remarkably similar to that caused by Dublin strain 3246 (Fig. 4k) . In contrast, even after incubation for 3 h, Dublin strain 3246, grown at 37°C and stored at 4"C, was observed entering enterocytes by brush borders (Fig. 4h) without cleavage of adjacent tight junctions (Fig. 4j ) and caused only minor overall damage to villous architecture (Fig. 4e) . Typhimurium strain TML organisms (grown at 37°C and used fresh; arrows) penetrating brush borders with little or no disturbance to adjacent microvilli in a manner identical to that described earlier [6] . Choleraesuis strain A50 (grown at 37°C and used fresh) similarly penetrated brush borders with minimal disruption; bar = 1 pm. (h) Dublin strain 3246 grown at 37°C and stored at 4"C, penetrating brush border with little or no disturbance to adjacent microvilli. Note the appendages (arrows) which apparently become detached at entry; bar = 1 pm.
Transmission electron micrographs. (i)
Enterocytes from control villi after incubation in the organ-culture apparatus, showing good preservation and intact tight junctions; bar = 1 pm. (j) Dublin strain 3246 (grown at 37°C and stored at 4"C), after incubation for 3 h penetrating enterocytes through brush border without cleaving the tight junctions (arrows) which remain intact; bar = 2 pm. (k) Ileal tissue after exposure for 3 h to Dublin strain 3246 (grown at 37°C and used fresh). This field shows initial cleavage of tight junctions and detachment of a cell which still has a full complement of microvilli and the presence of organisms in the intercellular space; bar = 4 pm.
(1) This field shows the progressive destruction of epithelia 3 h after exposure to Dublin strain 3246 (grown at 37°C and used fresh); bar = 5 pm. Note in both (k) and (1) that organisms between adjacent cells and among detached cell debris would not be protected from gentamicin. Inset in (I) shows a typical villus epithelium, which remains largely intact after exposure for 3 h to Choleraesuis strain A50; bar = 10pm. (m) Typhimurium strain GM3 induced damage very similar to that caused by Dublin strain 3246; only initial cleavage of tight junctions shown; bar = 1.5 pm. (n) Note the intact brush borders of enterocytes despite the high density of Typhimurium strain GM7 organisms; bar = 4 pm. This strain is clearly not as tissue destructive as Dublin strain 3246 and Typhimurium strain GM3. In other fields (not shown) organisms were observed penetrating brush borders.
Choleraesuis strain A50 (Fig. 4f 41 inset) or Typhimurium strain TML was used fresh without storage at 4°C; they entered enterocytes by brush borders (Fig. 4g) with none of the features associated with entry of Dublin strain 3246 (see Fig. 46, c) . Freshly grown Typhimurium strain GM7 was not tested for histotoxicity, because no difference in temperature-modulated invasiveness had been observed. Indeed, Fig. 4n shows a field where Typhimurium strain GM7 was seen in high density next to enterocytes with intact brush borders; in other fields, bacteria were observed entering cells by the brush borders (not shown).
When mucosal damage occurred, it was not confined to those areas where bacteria were seen. The overall picture was one of rapid cleavage of tight junctions between enterocytes, resulting in the loss of enterocytes into the lumen. Detached enterocytes became balloonlike and lost their differentiated brush borders. Epithelia were thereby disrupted allowing the possibility of tissue invasion to occur by routes other than, or in addition to, enterocyte apical membranes.
Discussion
Several points from this work bear upon the significance of the invasiveness of Salmonella in terms of the nature of the interaction of invasive enteropathogens and the gut, and the assessment of invasiveness in 'gentamicin-protection assays'.
Although Typhimurium strain GM3 superficially appeared to be a relatively non-invasive strain, it caused considerable damage to ileal mucosa. This finding explained the relatively low recoveries of gentamicinresistant bacteria in these assays: cells were either damaged, allowing gentamicin to penetrate and kill intracellular organisms, or were dislodged and hence not part of the final tissue homogenate, or both. The difference in the abilities of Typhimurium strains GM3 and GM7 to damage ileal epithelia was considerable.
Dublin strain 3246 also caused much damage to ileal mucosa, but only when it was used freshly grown at 3 7°C. The temperature-mediated differences were almost certainly not due to lower initial numbers of organisms invading the tissue; the invasiveness of Typhimurium strain TML and Choleraesuis strain A50 was not temperature-dependent. This observation contrasts with the earlier report that, in absolute terms, bacteria stored at 4°C exhibited lower levels of invasiveness than freshly grown bacteria, whilst exhibiting similar patterns of relative invasiveness [ 71.
A satisfactory explanation for this apparent discrepancy is not possible, but two explanations can be proposed. First, between-animal variations in susceptibility of gut to invasion are likely [2] . Second, the conditions for optimal induction and maintenance of the bacterial invasive phenotype in these short-term invasion experi- [17] and with macrophages [ 191. The work described here reinforces the fact that detailed interpretation of quantitative data from bacterial invasion assays -particularly when using multicellular differentiated tissues such as gutcan best be obtained when accompanied by histological analysis. When dealing with toxin-producing strains of Salmonella, it is certain that experimental estimates of invasiveness in vitro are underestimated. A corollary to these findings is that the importance of the intracellular habitat in vivo for pathogens such as cytotoxinproducing Salmonella may be overestimated. The opening of tight junctions described in these experiments does not depend on the extrusion of PMNLs, as suggested for Shigella [20] .
Evidence that the host-restricted serotypes Choleraesuis and Dublin showed differences in their ability to invade rabbit gut in vitro, under conditions in which the tissuedamaging effects of Dublin were suppressed was not obtained. The hypothesis that host restriction is determined by the relative ease with which these serotypes invade their respective susceptible hosts awaits comparative studies on porcine and bovine tissues.
The results of the present study suggest that, in the context of gut invasion, there are at least two different types of Salmonella, that cross serotypic boundariesone causes rapid initial histotoxic damage to mucosal epithelia and the other does not. This work also implies that there may be a gut-damaging toxin produced by some Salmonella strains that opens up several cellular routes for invasion of the gut by virtue of early damage to gut enterocytes and exposure of subepithelial cells and tissues. This question has been addressed for Typhimurium strain GM3 in another study [3] , which provides formal proof that the histotoxic activity of this strain is in fact toxinmediated.
